Abstract: A highly flexible microwave photonic single-passband filter is proposed and experimentally demonstrated. Two different light waves with their polarizations aligned with two principal axes of a polarization modulator are modulated, and two phase-modulated signals with opposite phase modulation indices are generated. Two different lower parts of the lower sidebands are removed by a fiber Bragg grating (FBG) to convert two phase-modulated signals into two intensity-modulated signals. Two high-pass frequency responses with different cut-off frequencies are realized. Since the two converted intensity-modulated signals are out of phase, the overlapped frequency responses are cancelled, and a single-passband filter is realized. The bandwidth and the central frequency can be tuned independently by properly adjusting the two wavelengths simultaneously. Furthermore, both the bandwidth and the central frequency can be simultaneously tuned by adjusting one of the two wavelengths. A theoretical analysis is performed, and an apodized FBG is fabricated and incorporated into the proposed single-passband filter. The simulated results and the experimental results agree very well.
Introduction
Photonic approaches for the processing of microwave and radio frequency signals have attracted significant interest because they have advantages of high bandwidth capability, flexible tunability, light weight, and electromagnetic interference immunity [1] , [2] .
Various delay-line based microwave photonic filters have been reported [3] , [4] ; however, due to the discrete nature of the sampling process in the time domain, the frequency response is periodic. If the time delay difference between two adjacent taps is large, which is true for most implementations, especially an implementation using fiber-delay lines, the free spectral range is small, which may make the filter have multiple passbands within the spectral range of interest. Thus, it is highly desirable to implement a microwave photonic filter with only a single passband.
Many techniques have been proposed to achieve a single-passband filter [5] - [17] . A technique based on a sliced broadband source and a long fiber is commonly used to achieve single-passband filters [5] - [8] , and techniques based on a phase modulation incorporated with an optical notch filter [9] , [10] , on stimulated Brillouin scattering (SBS) [11] , [12] , or on distributed-feedback semiconductor optical amplifier assisted optical carrier recovery [13] are employed to implement single-passband filters. However, the bandwidth is not adjustable. A technique based on SBS incorporated with variation of the number of pump spectral lines can achieve a bandwidth adjustment [14] - [16] . However, an extra arbitrary waveform generator and a dual parallel Mach-Zehnder modulator are needed to control the number of pump spectral lines, which is complex. Recently a structure to achieve the bandwidth adjustment by tuning the wavelength of the laser source has been proposed [17] . The bandwidth is tuned by varying the wavelength of the tunable laser while the central frequency is tuned by varying the bandwidth of an optical bandpass filter, and it is complex to achieve both the bandwidth adjustment and the center adjustment.
In this paper, a simple microwave photonic single-passband filter with highly flexible tunability of bandwidth and frequency is proposed and demonstrated. When two light waves from two different laser diodes (LDs) with their polarizations aligned with two principal axes of the polarization modulator (PolM) are modulated in the PolM, a pair of complementary phase-modulated signals is generated along the two principal axes. Two different lower parts of the lower sidebands are removed by a fiber Bragg grating (FBG), converting two phase-modulated signals into two intensity-modulated signals. Two high-pass frequency responses with different cut-off frequencies are realized after photodetection. Since the two converted intensity-modulated signals are out of phase, the overlapped frequency responses are cancelled, and a single-passband filter is realized. An adjustable bandwidth and a tunable frequency can be achieved independently by properly adjusting the two wavelengths simultaneously, and both the bandwidth and the central frequency can be tuned simultaneously by adjusting one of the two wavelengths. A theoretical analysis is performed and an apodized FBG is fabricated and incorporated into the proposed single-passband filter. The simulated results and the experimental results agree very well.
Operation Principle and Theoretical Analysis
The schematic diagram of the proposed microwave photonic single-passband filter is shown in Fig. 1 , and the illustration of the principle of the filter is shown in Fig. 2 . It consists of two tunable LDs, two polarization controllers (PCs), an optical coupler (OC), a PolM, an FBG, and a photodetector (PD). The PolM is a special phase modulator that can support both transverseelectric (TE) and transverse-magnetic (TM) modes with opposite phase modulation indices [18] . When two light waves from LD1 and LD2 with their polarizations aligned with two principal axes of the PolM are modulated in the PolM, a pair of complementary phase-modulated signals is generated along the two principal axes. Two different lower parts of the lower sidebands are removed by the FBG, converting two phase-modulated signals into two intensity-modulated signals. Two high-pass frequency responses with different cut-off frequencies are realized after photodetection. Since the two converted intensity-modulated signals are out of phase, the overlapped frequency responses are cancelled, and a single-passband filter is realized. If a modulating signal expressed by cos ω m t is applied to the PolM, two optical fields with different wavelengths at the output of the PolM along the two orthogonally polarized principal axes can be expressed as
where E 1 and E 2 are the optical fields of LD1 and LD2, respectively; ω 1 and ω 2 are the corresponding angular frequencies; ω m is the angular frequency of the microwave signal; β is the phase modulation index; and ϕ m is the initial phase of the microwave drive signal applied to the phase modulator. Based on the Jacobi-Anger expansion, (1) can be rewritten as
where J i (·) with i = 0, 1 are Bessel functions of the first kind. In (2), small-signal modulation is assumed so that high order sidebands are ignored. If the phase-modulated signals are beat against one another at the PD, only a dc is generated because the two first-order sidebands have equal amplitudes but a phase difference of π.
Since the amplitude and the phase of the optical carrier and the sidebands will be modified by the FBG, in the following, the amplitude response and the phase response of the FBG will be given first. The transfer matrix of the FBG can be described by
where A and B represent the complex amplitudes of forward and backward propagating waves, and F i is matrix of the ith section. For the FBG, the matrix F i is expressed as
where γ B = √ κ 2 −σ 2 , κ is an "AC" coupling coefficient, and κ = π λ δn, δn is the refractive index modulation depth;σ is a general "DC" self-coupling coefficient, andσ = 2πn e f f (
, n e f f is the effective refractive index, λ is the wavelength of the incident light, λ B is Bragg wavelength of the fiber grating; and L i is the length of the ith uniform section.
To make the transmission response of the FBG have a steep slope, the refractive index modulation depth is apodized by a sinc function. The apodization function of the refractive index modulation depth along the propagation direction of the core is given by
where a and b are constant. The equation is defined in the z axis from −L/2 to L/2, where L is the whole length of the fiber Bragg grating. The propagation through each uniform section is described by a matrix defined in (5) . Based on the coupled-mode theory and the transmission-matrix approach [19] , the power transmission coefficient, and the phase response of the FBG can be expressed, respectively, as
After passing through the apodized FBG, the modified electrical field of the phase-modulated light wave can then be expressed as
Since the phase-modulated signal is converted to intensity-modulated signal, we could have an intensity modulated signal at the output of the PD. The recovered microwave signal and its power are given by
(10) After the square-law detection, the generated microwave component can be written as
where As can be seen from (11), the shape of the single-passband filter is determined by the shape and phase of the FBG. An FBG with a steeper edge and an improved phase can make the singlepassband filter have a better shape. Since the two light waves from LD1 and LD2 travel along orthogonally polarized axes, and the two optical modulated signals are incoherent, the singlepassband filter will have a stable transfer function. The time delay difference between two principal axes is ignored due to small wavelength difference and short fiber length. Since the bandwidth of the single-passband filter is determined by the wavelength difference between the two light waves, the bandwidth can be tuned by adjusting the two wavelengths in opposite direction, and the central frequency can be tuned by adjusting the two wavelengths in the same direction. Furthermore, both bandwidth and central frequency can be tuned simultaneously by adjusting one of the two wavelengths.
Simulated Results
For the sake of comparison, the theoretical frequency response of the uniform FBG is calculated to investigate the frequency response and the design of the proposed structure by means of the coupled-mode theory and the transmission-matrix approach [19] . In the simulation, the amplitude of the variation of the refractive index was chosen to give the best match between the computed and measured amplitude responses in transmission. In simulation, n e f f = 1.45, L = 15 mm, λ B = 1553.42 nm, δn = 2.2 × 10 −4 . To obtain a steep slope, the refractive modulation depth of the FBG is apodized by a sinc function expressed by (6) , where a = 5 and b = 2. The variation of the refractive index modulation depth of the FBG along the fiber Bragg length is shown in Fig. 3 . The calculated transmission and phase responses of the apodized FBG are shown in Fig. 4 . As can be seen, the central wavelength of the optical spectrum of the apodized FBG is 1553.42 nm, and the cut-off wavelengths are about 1553.28 and 1553.56 nm. When the two wavelengths of the two LDs are both set at 1553.28 nm, the two lower sidebands at two orthogonally polarized axes are completely removed and the two phase-modulated signals are converted into two intensitymodulated signals. Adjusting the powers LD1 and LD2 to make the two frequency responses be equal, two allpass frequency responses with two identical shapes (red and blue) and corresponding combined frequency response (black) are obtained, as shown in Fig. 5 . As can be seen, the two allpass frequency responses are cancelled completely. When the wavelengths of LD1 and LD2 are set at 1553.20 and 1553.22 nm, respectively, as shown in Fig. 6 (red and blue) , a single-passband filter with a central frequency of about 9.5 GHz, a 3-dB bandwidth of about 3.6 GHz, and a rejection ratio of about 15 dB is obtained, as shown in Fig. 6 (black) .
Since the bandwidth of the single-passband filter is determined by the wavelength difference, the bandwidth can be adjusted by tuning the two wavelengths simultaneously. If the wavelengths of the two LDs are tuned simultaneously in opposite directions by the same step, the bandwidth of the single-passband filter can be adjusted at a fixed central frequency. When the wavelengths of LD1 and LD2 are set at 1553.20 and 1553.22 nm, respectively, a single-passband filter with a central frequency of 9.5 GHz and a 3-dB bandwidth of 3.6 GHz is obtained, as shown in Fig. 7 (black) . If the wavelength of LD1 is shifted to left (right) by a step of 5 pm, at the same time, the wavelength of LD2 is shifted to right (left) by the same step of 5 pm, the wavelength difference is increased (reduced) by a 10 pm, as a result, the bandwidth of the single-passband frequency response is increased (reduced) by 1.25 GHz at a fixed central frequency. The calculated frequency response with bandwidth adjustment is shown in Fig. 7 . The bandwidth adjustment can also be achieved at different frequency. When the wavelengths of the two LDs are shifted simultaneously in the same directions by the same step, the central frequency of the single-passband filter can be tuned with the bandwidth maintained. After the tuning of the central frequency, the two wavelengths are shifted simultaneously in opposite directions by the same step to achieve bandwidth adjusting. In the simulation, two wavelengths of LD1 and LD2 are shifted in the same directions by the same step of 10 pm, and then the two wavelengths are shifted simultaneously in opposite directions by a step of 5 pm, respectively. The bandwidth adjusting at central frequencies of 9.5, 10.75, and 12 GHz are obtained, respectively, as shown in Fig. 8 .
The bandwidth and the central frequency can be tuned simultaneously by adjusting one wavelength with the other wavelength fixed. In the simulation, when LD2 is fixed at 1553.24 nm and LD1 is shifted to left by a step of 10 pm starting from 1553.22 nm, the bandwidth is increased and the central frequency is shifted to right, and the calculated frequency responses are shown in Fig. 9(a) . On the other hand, when LD1 is fixed at 1553.18 nm and LD2 is shifted to right by a step of 10 pm starting from a wavelength of 1553.20 nm, the bandwidth is increased and the central frequency is shifted to left, and the calculated frequency responses are shown in Fig. 9(b) . On the contrary, the bandwidth can also be reduced with the central frequency shifted to left or right by properly fixing one wavelength while tuning the other wavelength.
Experimental Setup and Results
The experiment setup is shown in Fig. 1 . Two light waves from LD1 and LD2 are combined by a 3 dB OC and then sent into a PolM (JGKB, PL-40G-3-1550). The polarizations of the two light waves controlled by PC1 and PC2 are aligned with the two principle axes of the PolM, which is driven by a microwave sinusoidal signal from a vector network analyzer (VNA; Agilent E8364A) with a sweeping frequency from 45 MHz to 20 GHz. Two phase-modulated signals with opposite phase modulation indices are generated and sent to a uniform FBG, which is apodized by a sinc function to achieve a steep edge. Two optical carriers are located on the left side of the FBG, so that the lower sidebands are removed. The processed optical signals are sent to a PD, and the frequency response is measured by the VNA.
We first fabricate an FBG apodized by a sinc function using the data in the simulation shown in Fig. 3 , and the transmission and the phase responses of the fabricated FBG are shown in Fig. 10(a)  (black and green) . The apodized FBG has a steep edge with a slope of about 950 dB/nm and a central wavelength of 1553.42 nm. The 30-dB bandwidth is about 0.15 nm, as shown in Fig. 10(a)  (black) . When the two wavelengths of the two LDs are both set at 1553.28 nm, as shown in Fig. 10(a) and the powers of the two LDs are adjusted to make the powers of the two frequency responses be equal, two allpass frequency responses with two identical shapes are obtained, respectively, as shown in Fig. 10(b) (red and blue) . The combined frequency response is shown in Fig. 10(b) (black). As can be seen, the two frequency responses are completely overlapped, as a result, the overlapped frequency responses are cancelled completely. One may also see that the rejection ratio of the allpass frequency response is about 30 dB determined by the rejection ratio of the FBG. For the allpass frequency response, there is a notch at low frequencies which is caused by the edge of the FBG for it is not very steep. The nonflat stopband of the FBG leads to a ripple of about 2 dB in the passband. Since an electrical amplifier with a bandwidth of 20 GHz is absent in the laboratory, an electrical amplifier with a bandwidth of 10 GHz (MTC5515) is used in the experiment, which is used to amplify the microwave signal to drive the PolM. As a result, there is much more noise after about 10 GHz, and the passband power is decreased significantly after about 15 GHz. However, it can be greatly improved if an electrical amplifier with a broader bandwidth is used. It can also be seen that the insertion loss is about 35 dB. Such a high insertion loss is mainly caused by the poor power handling capability of the PD (New Focus 10058B, 20 GHz). In the experiment, the average input optical power to the PD is about −1 dB·m.
When the powers of the two frequency responses realized by LD1 and LD2 are kept to be equal, and the two wavelengths are tuned to be different, two high-pass frequency responses with two different cut-off frequencies are realized. After the cancellation of the overlapped frequency responses, a single-passband filter is realized. The bandwidth of the single-passband filter is determined by the wavelength difference. When the wavelengths of LD1 and LD2 are set at 1553.19 and 1553.21 nm, respectively, as shown in Fig. 11(a) (red and blue) , a single-passband filter with a central frequency of about 9.3 GHz, a 3-dB bandwidth of about 3.6 GHz, and a rejection ratio of about 22 dB is obtained, as shown in Fig. 11(b) (black) . As can be seen, the two edges of the single-passband filter are not steeper, and the shape is not ideal which is resulted from the shape and the phase of the FBG. The cancellation of the two high-pass frequency responses reduces the passband power of the single-passband filter, which depends on the power difference between the two high-pass frequency responses in the non-overlapped region, as shown in Fig. 11(b) . If an FBG with an improved shape and phase is used, the shape of the single-passband filter can be greatly improved.
Since the bandwidth of the single-passband filter is determined by the wavelength difference, the bandwidth can be adjusted by tuning the two wavelengths. If the wavelengths of the two LDs are tuned simultaneously in opposite directions by the same step, the bandwidth of the singlepassband filter can be adjusted at a fixed central frequency. When the wavelengths of LD1 and LD2 are set at 1553.19 and 1553.21 nm, respectively, a single-passband filter with a 3-dB bandwidth of 3.669 GHz and a central frequency of 9.3 GHz is obtained, as shown in Fig. 12 (black) . If the wavelength of LD1 is shifted to left (right) by a step of 5 pm, and at the same time, the wavelength of LD2 is shifted to the right (left) by the same step of 5 pm, the wavelength difference is increased (reduced) by 10 pm, as a result, and the bandwidth of the single-passband frequency response is increased (reduced) at a fixed central frequency. The measured frequency response with bandwidth adjustment is shown in Fig. 12 . As can be seen from Fig. 12 , the power of passband is increased with the bandwidth increased. This is because the power of the single-passband filter depends on the power difference between the two high-pass frequency responses in the nonoverlapped region. When the wavelength difference is smaller, the power difference between the two high-pass frequency responses in the non-overlapped region is smaller, and the two highpass frequency responses in the non-overlapped frequencies are cancelled more. On the contrary, when the wavelength difference becomes larger, the power difference also becomes larger. As a result, the two frequency responses are cancelled less. The non-flat stopband and the ripple of the passband of the FBG have an effect on the 3-dB bandwidth of the single-passband filter to some extent. Therefore, although the wavelength tuning step is the same during the bandwidth adjusting, the bandwidth variation is not identical, as shown in Fig. 12 .
The bandwidth adjustment can also be achieved at different frequency. When the wavelengths of the two LDs are shifted simultaneously in the same directions by the same step, the central frequency of the single-passband filter can be tuned with the bandwidth maintained. After the tuning of the central frequency, the two wavelengths are shifted simultaneously in opposite directions by the same step to achieve bandwidth adjusting. In the experiment, two wavelengths of LD1 and LD2 are shifted in the same directions by the same step of 10 pm, and then, the two wavelengths are shifted simultaneously in opposite directions by a step of 5 pm, respectively. The frequency responses with bandwidth adjusting at central frequencies of 9.30, 10.55, and 11.80 GHz are obtained, respectively, as shown in Fig. 13 .
The bandwidth and the central frequency can be tuned simultaneously by adjusting only one of the two wavelengths. When LD2 is fixed at 1553.23 nm and LD1 is shifted to left by a step of 10 pm starting from 1553.21 nm, the bandwidth is increased and the central frequency is shifted to right, and the measured frequency responses are shown in Fig. 14(a) . On the other hand, when LD1 is fixed at 1553.17 nm and LD2 is shifted to right by a step of 10 pm starting from a wavelength of 1553.19 nm, the bandwidth is increased, and the central frequency is shifted to left, and the measured frequency responses are shown in Fig. 14(b) . On the contrary, the bandwidth can also be reduced with the central frequency shifted to left or right by properly fixing one wavelength while tuning the other wavelength.
Conclusion
A highly flexible microwave photonic single-passband filter has been proposed and experimentally demonstrated. In the proposed filter, two phase-modulated signals with opposite phase modulation indices were generated along the two principal axes of PolM when two different light waves with their polarizations aligned with the two principal axes were modulated in the PolM. An apodized FBG with a steep edge was used to remove the lower sidebands to convert two phase-modulated signals into two intensity-modulated signals, and two high-pass frequency responses with different cut-off frequencies were realized. Since the two converted intensity-modulated signals were out of phase, the overlapped frequency responses were cancelled to achieve a single-passband filter after photodetection. The bandwidth could be adjusted at a fixed central frequency by tuning the two wavelengths simultaneously in opposite directions by the same step, and the central frequency could be tuned by adjusting the two wavelengths simultaneously in the same directions by the same step. Both the bandwidth and the central frequency could also be simultaneously tuned by adjusting only one of the two wavelengths. A theoretical analysis was performed and an apodized FBG was fabricated and incorporated into the proposed filter. The experimental results and the simulated results agreed very well.
